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Introduction 33 34
Recent developments in tissue engineering, recombinant DNA technologies and 35 biopharmaceutical production have increased the importance of living cells for clinical 36 medical care. The establishment of these areas in the past several decades has made it 37 possible for the development of numerous therapeutic proteins and treatments to address a 38 corresponding variety of unmet medical needs [1] . 39
40
Major advances in these areas are frequently limited by the lack of understanding of long-41 term cryostorage of cells [2] . Cryopreservation of cell lines is a technically challenging 42 process leading to persistent failures in terms of poor revival rate and atypical cell properties. 43
Currently, no single cryopreservation method has been universally applied with variations in 44 techniques applied depending on the facility and aim of use [3, 4] . 45
46
Cells normally require cryoprotective agents (CPAs) to survive long-term storage at low 47 blue, and streptomycin were purchased from Invitrogen (UK). Me 2 SO and sodium hydroxide 106 (NaOH) were purchased from ThermoFisher (UK). Phosphate-Buffered Saline (PBS), 107 trypsin-EDTA, Alexa Fluor 647 cadaverin were purchased from Life Technologies™ (UK). 108
N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide 109
(sulfo-NHS), Hoechst H33342, propidium iodide, and trehalose were obtained from Sigma-110
Aldrich (UK). The CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS) was 111 obtained from Promega (UK). Visking tubing was purchased from Medicell Membranes Ltd. 112 (UK). FITC-labelled trehalose was trehalose was produced by the Davis Group, University of 113
Oxford (UK) [28] . All chemicals and biochemicals used were of analytical grade. 114 115
PP-50 synthesis 116 117
The synthesis and characterisation of the PP-50 polymer were as previously described by 118
Lynch et al. [26] . PP-50 consists of a poly(L-lysine iso-phthalamide) backbone grafted with L-119 phenylalanine at a degree of grafting of 46.2% (Mn = 23.0 kDa). 120 121
PP-50/AF647 synthesis 122 123
The conjugation of AF647 cadaverine to PP-50 was achieved by standard EDC/sulfo-NHS 124 amide reaction [29] . The product was purified by dialysis against water in Visking tubing 125 (MW cut-off 3,500 Da) and lyophilised using a Fisher Scientific Heto LyoLab3000 (UK) to 126 yield a blue solid powder. 127 128 PP-50/AF647 was analysed by using attenuated total reflectance FTIR (ATR-FTIR) 129 spectroscopy to determine whether PP-50 were successfully conjugated with Alexa Fluor 130 647 cadaverine. Spectra were collected using a Thermo Nicolet Nexus 870 spectrometer 131 (10% v/v), L-glutamine (2 mM), penicillin (100 IU/ml), and streptomycin (100 µg/ml) in 75 cm washed again with PBS and left in growth media. Cells were incubated for 15 minutes with 5 150 µg/ml PI and 5 µg/ml H33342 then incubated in growth media and analysed using a TCS 151 SP5 inverted laser scanning microscope (Leica, Germany). An argon laser was used to 152 visualise FITC-trehalose (emission at 488 nm and an emission filter set at 505-555 nm). To 153 visualise propidium iodide, a helium neon laser was used (emission at 633 nm and emission 154 filter set at 650-700 nm). H33342 stained nuclei were excited using a diode laser emitting at 155 405 nm. Images were taken sequentially. The colocalisation of PP-50 with trehalose was analysed by confocal microscopy (Fig. 2) . To evaluate the effect of trehalose uptake mediated by PP-50 on cryopreservation, 242 osteosarcoma cells were pre-incubated with trehalose, FBS or a combination of both 243 molecules in the presence and absence of PP-50, and then cryopreserved (Fig. 3) . Trypan 244 blue staining and the MTS assay were used to measure viability immediately post-thaw, i.e. 245 cryosurvival. As shown by both assays, a higher cryosurvival was observed when cells were 246 incubated in the presence of PP-50 for all pre-freezing incubation media. The largest 247 cryosurvival was observed when cells were pre-incubated with trehalose and serum in the 248 presence of PP-50 (64 ± 3 %), as measured by trypan blue staining. A significant disparity in 249 cryosurvival was observed between both methods used. 250 251
Discussion 252
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253
In this study, the effect of PP-50 on trehalose uptake was analysed in SAOS-2 cells. 254
Analysis by confocal microscopy, quantification of colocalisation, and cryopreservation, all 255
showed that incubation with PP-50 induced the transport of trehalose across the cell 256 membrane resulting in increased cryosurvival of osteosarcoma cells. 257
258
Confocal microscopy was used to investigate labelled trehalose uptake mediated by PP-50 259 on osteosarcoma cells (Fig. 1) . Labelled trehalose diffused across cell membranes only in 260 the presence of PP-50, demonstrating the polymer's ability to transport hydrophilic 261 molecules across the cell membrane. Propidium iodide, a non-permeable dye, was used to 262 assess cell viability as it is not taken up by living cells [34, 35] . This dye was utilised after 263 incubation with PP-50 and trehalose to confirm that trehalose uptake was due to polymer 264 transport and not cell permeability caused by polymer cytotoxicity. Lack of propidium iodide 265 staining confirmed PP-50 mediated transport and suggested the absence of noticeable 266 apoptosis and necrosis. This is in agreement with previous studies regarding the 267 biocompability of PP-50, where higher concentrations of the polymer showed no negative 268 effect on osteosarcoma cells [22] . 269
270
To investigate the trafficking of trehalose and PP-50 across the cell membrane, 271 colocalisation of labelled trehalose and polymer was accomplished using confocal 272 microscopy ( Fig. 2) . As observed, the majority of labelled molecules localised jointly within 273 the perinuclear area. This area is located next to the cell nucleus and contiguous with the 274 lumen of the endoplasmic reticulum, where most delivery system agents are targeted [36] . than the one used in confocal microscopy, and was selected to ensure an intracellular 302 concentration sufficient to provide freezing protection [2, 42, 43] . A labelled trehalose 303 concentration of 50 mM was used for confocal analysis due to material limitation. 304
305
In order to further analyse the impact of trehalose transport mediated by PP-50, cells were 306 pre-incubated with trehalose, FBS or a combination of both molecules in the presence and 307 absence of PP-50, and then cryopreserved (Fig. 3) . The cytotoxicity of these molecules was 308 previously investigated and no negative effect on cellular viability was observed [22] . As 309 seen in the figure, a large disparity was observed between cryosurvival as measured by 310 trypan blue staining and metabolic activity. A vast majority of cells alive according to the 311 trypan blue staining were not confirmed with the MTS assay. Trypan blue is excluded from 312 intact cells and the MTS assay depends on the activity of cell cytoplasmic esterases that are 313 capable of degrading permeable MTS into formazan [44, 45] . Since both methods rely 314 exclusively on the permeability of lipid bilayers immediately after thawing, these assays may 315 not be the most suitable options when cell membranes are transiently more stable due to the 316 trehalose, proven to stabilise membrane components [46] . 317
318
Other factors possibly involved in this discrepancy of cell cryosurvival include the limitations 319 of both methods used to quantify cryosurvival. Although the trypan blue staining method is 320 widely used to measure cell viability, it has been described as highly subjective and normalised to the positive control of freezing C(+). **P<0.01, ***P<0.001, ****P<0.0001. 531
